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:r. INTRODUCTION 
The design of nuclear re.actors is accomplished through 
long and tedious calculations,, many of which presuppose the 
use of electronic computers. These methods permit a great de-
gree of precision and can accurately predict the nuclear 
properties of the reactor under consideration. For many pre-
liminary studies, however,. the precision of the computer 
methods is not necessary. It may only be desired t-0 give a 
rough estimate of the size or amount of fuel required to 
produce criticality in a proposed reactor. Through the cal-
culations used for these rough approximations, various fuel-
moderator combinations can be evaluated as well as the ef-
fects produced by varying enrichment, reactor shape, and com-
ponent concentrations. 
'!'he purpose of this investigation is t.o attempt to relate 
the various reactor design parameters through dimensional 
analysis in order to obtain design curves which indicate the 
interdependence of the design parameters. These design curves 
are developed from data which has been obtained from opera-
tional. reactors. By u,stng operational reactor data, the vari-
ation between the actual values of the parameters and those 
values ca lculated theoretically is reduced and by using dimen-
sionless groups in plotting the curves1 the reactors lose 
their identification and appear as a reactor type independent 
of the individual reactors. 
2 
This investigation is limited to those reactors having 
the fuel and moderator combined tn a homogeneous solution. 
'l'he possibility of applying the dimensional analysis app~oach 
to heterogeneous react.ors will be considered briefly. It 
should also be noted that this investigation is based on a 
just•critical reactor although it is felt that the application 
of the method to power producing reactors is possible. 
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II. REVIEW OF LITERATURE 
A review of the literature pertaining to nuclear reactors 
and their design did not disclose a previous attempt to apply 
dimensional analysis techniques to the generation of design 
curves. In a letter to the ed.itor [11 p •. 269 1,. s. Pearlstein 
proposed the possibility of applying similitude to nuclear 
engineering by using dimensionless groups to produce reactor 
models., Mr. Pearlstein suggested several possible dimension• 
less groups which could be used: however, he did not elaborate 
on their use.. In his masters thesis [ 2],, John C. MacAlpine 
IXI uses dimensional analysis to develop a method of designing 
reactor models which will retain the operational character~ 
istics of the actual reactor,. Mr. MacAlpine ,indicates the 
distortion of variables required to design the models and in ... 
eludes an example reactor problem which utilizes his method. 
The sources of information used in this investigation a~e 
referred to throughout the paper and are indi.cated by enclos-
ing the reference number in brackets. 
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III. REACTOR DESIGN PARAMETERS 
The vartous methods of calculating the nuclear properties 
of reactors in order to determine the combination of compo-
nents which will produce criticali ty depend upon a series of 
variables which a.re functions of the various chemical elements 
which comprise the fuel-moderator mixture. By using volume 
fraction weighting techniques., these tndividual variables £or 
the component elements can be combined to produce a variable 
which is val id for the specifj,£:l mixture under consideration. 
The parameters for the specific reactor a~e then formed from 
the volume-we.igbted variables by using the relationships Which 
represent a just-criti,cal reactor . 
A, Development of Design Expression 
The neutron economy in a reactor of infinite extent is 
represented by the foW!-factor formula which defines k00, the 
infinite multi plication factor (3, p. 84J 
ka, = 'flepf ( l) 
where k00 = number of neutrons of thermal energy produced by 
the reactor per thermal neutron absorbed. 
n = average number of fast fission neutrons emitted 
per thermal neutron captured in fuel. 
e = fast fission factor= ratio of total number of 
neutrons produced by all fissions to number re-
s.ulting from thermal neutron fiss:f.ons .. 
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p = resonance escape probability= fractton of fission 
neutrons escaping capture while being slowed down. 
f = thermal utilization= fraction of thermal neutrons 
absorbed in fuel. 
For a reactor of finite size, an effective multiplication fac-
tor, kefft ts defined by accounting for the probability of 
leakage which is inherent with size reduction. In a critical 
reactor,. it is necessary that th.is effective multiplication 
factor be no less than unity in order to provide a self•sus-
taining nuclear reaction. The leakage of neutrons from a 
finite reactor reduces the number of neutrons available, so it. 
is common to define nonleakage probability terms to be applied 
to the infinite multiplication factor in order to obtain the 
effectiv-e multiplieation factor [4, P~ 107] 
keff = kro re f oe t (2) 
where ,;,e f = fast leakage £actor 
ot:'. t = thermal leakage factor 
The probability that the neutrons do not leak from the reacto~ 
between the time they are produced and the time they become 
thermalized is rep~esented by [51 P• 174] 
-B2T 
-;t. f = e (3) 
~here B2 = buckling 
T = age of thermal neutrons 
'l'he probab.iltty that the neutrons do not leak from the reactor 
between the time they are thermalized and the time they are 
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absorbed is represented by [5., p. 175] 
-;:e t = ____ 1 __ 
1 + x.2:a2 
(4) 
where L = thermal diffusion length. 
By combining Equations (2), (3);; and (4), the critical equa-
tion is obtained [S, p. 176] 
keff = l (S) 
This equation is identical with the critical equation obtained 
by age-diffusion considerations in which the Fermi age treat-
ment is applied to the neutrons during slowing down and dif-
fusJ.on theo:ry .is applied to the thermal neutrons. 
By applying the relationships defining the variables, 
Equation (5) can be expressed in terms of the ten bas!c design 
variables which are used in this in~estigatien. 
Tif can be represented by [5, pp. 178-179] 
The product 
where 
Zf Zfuel Zf 
'ljf = (v Zfuel ) <za )= v ~ (6) 
v = average number of fast neutrons per fission .• 
Zf = macroscopic cross section for fission by thermal 
neutrons. 
Zfuel = total macroscopic cross section for absorption 
of thermal neutrons 1n fuel by both fission and 
nonfission processes. 
~a= total macroscopic cross section for absorption 
of thermal neutrons in all reactor core material. 
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The resonance excape probability~ p1 can be expressed as a 
function of energy by (3, p. 253] 
p(E) (7) 
where N0 = atoms of resonance absorber per unit volume 
.... e = average of the logarithmic energy decrement per 
collision 
Zs= total macroscopic scattering cross section 
E0 = fission neutron energy 
E = thermal neutron energy 
Gao= absorption cross section for neutrons of energy E' 
'!'he integral in Equation (7) is defined as the effective 
resonance integral., RI, and has been shown empirically to be 
representec:i by [3, p . 256] and [6, P• 43] 
(8) 
where C1 and c2 are empirically determined constants which are 
specific for a given resonance absorber. By combining Equa• 
tions (7) and (8) , the expression for pis given by 
P = exp [ - ;;s cl ( t ) C2] 
(9) 
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By introducing the thermal microscopic cross section for the 
resonance absorber. aaT, the resonance escape.probability can 
be expressed in terms of the thermal macroscopic cross section 
for the resonance absorber, ~~ 
= ex{-rG:) C4] (10) 
where c3 = a constant formed by combining c1 with the value of 
craT raised to the 1-c2 power 
C4 = l -C2 
The square of the thermal diffusion length, L2, can be de-
fined as [3, p . 116 J 
L2 = .Jl. 
Za 
(11) 
where D = diffusion coefficient 
By substituti ng Equations (1), (6) , (10) 1 and (11) into Equa-
tion (5) , the critical condition can be expressed in terms of 
ten basic design parame::r• [ c
3 
( ~~: ) c4l . 
2 
EV r exp - - - J exp [-B T ] 
keff = 1 = a ~ Zs 
l oa2 + -
Ea (12) 
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B. Discussion of Parameters 
l. a2 , buckling [3, p. 19H) 
By utilizing the diffusion equation [3; p . 101) 
nv2¢ - ~iflJ + s = ~ 
where D = diffusion coeff i<::ient 
v2 = Laplaeian operat<,r 
¢ = thermal neutron :flux 
Za = macroscopic absoic-ption cross section 
S = source term 
g~ = time rate of chairige of neutron densit.y 
in conjunction with Fermi J~ge theory to define the source 
term, a wave equation is o1btained of the form 
v2¢(:i:-) + B2¢(r) = o 
where B2 = buckling 
¢Cr)= neutron flux .at a point r 
Equation (14a) can be put .in form 
B2= -~ 
(13) 
(14a) 
(14b) 
where the buckling is seen to be a measure of the curvature of 
the neutron flux at a point r in the system. Two types of 
buckling can be defined. 'rhe mate.rial bucltling, Bm2,. is a 
property only of the compo:sition of the multiplying medium and 
satisfies Equation (5) as 1~ell as Equation (14a). The geo• 
10 
metric buckling, Bg2, is a property only of the size and shape 
of the reactor. By solving Equation (14a) for various shapes, 
expressions for the geometric buckling can be obtained. Table 
1 presents these expressions for several commonly used reactor 
shapes in terms of height H, radius R, and edge lengths a, b , 
and c. These dimensions all i nclude the extrapolation dis-
tance, d , which is defined by [3, p. 104] 
d = 0 . 71 At 
0.71 
=-------
Zs (l - U0 > 
Al 0.71(30) 
where At= transport mean free path 
(15) 
µ0 = average cosine of the scattering angle per colli-
sion 
Table 1. Geometric buckling for various reactor shapes 
Shape 
Sphere 
Parallelepiped 
Cube 
Cylinder 
(I) 2 
B 2 g 
(~)2+ (~)2+ (~)2 
3(; )2 
( 2.:os)2 + (l ) 2 
It is shown that for a just- critical reactor, the material 
buckling is identically equal to the geometric buckling. In 
the remainder of this investigation; no distinction will be 
made between material and geometric buckling and the buckling 
11 
will be designated by B2. 
2, € 1 fast fission facto~ [s, p. 178) 
The fast fission factor,~, accounts for the fact that 
some fission occurs before the fission neutrons have reached 
thermal energy. This effect is due primarily to the fission 
of u238 and Tb232 by neutrons having energies above 1 Mev. 
The other nuclear fuels, u235, u233 and Pu239·.,. all have small 
fission cross sections in this energy region. 
'!'he value of the fast fission factor varies considerably 
with reactor type, fuel enrichment and fuel composition. For 
natural uranium with either graphite or heavy water as 
moderator, a value of 1.03 has been found [3, p. 83). A max-
imum value of 1.19 has been found for natural uranium [7, 
p. 707]. The fast fission factor in a heterogeneous reactor 
varies with the size of the fuel rods. For homogeneous re-
act.ors the value of 1.00 is valid [5~ p. 178} . Since this in-
vestigation is limited to the consideration of homogeneous 
reactors, the value of e will be assumed to have a constant 
value of unity. 
3. v, fast neutrons per thermal neutron fission [5, p. 30) 
The average number of neutrons released during each act 
of thermal fission is a constant for each nuclear fuel. These 
values are larger than the corresponding values of n, the 
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average number of neutrons released per thermal neutron ab-
sorbed in fissionable fuel.,, by the factor tfuel which 
Zf 
accounts for parasitic capt~ure. '!'able 2 lists the values for 
V as reported in [8] and [~•]. 
Table 2. Average number of: neutrons per fission 
Fissionable :fuel 
u233 
u23s 
. 239 
Pu 
V 
2.51 
2 . 43 
2.89 
4. Zf,· macroscopic fissiott cross section [3., p . 45] 
In general, a macroscmpie cross section., Z., refers to the 
total cross section of the nuclei in a cubic centimeter of 
material while the microscc>pic cross section, f1, applies to a 
single nucleus. 'l'he relat:i.on between the two is given by 
Z = NO (16) 
In this equation., N is the number of nuclei per cubic centi-
meter and is defined by 
where p = density of the nrtatertal 
N0 = Avogadro• s numbE~r 
= 0. 6023xlo24 aton1s (or nuclei) per gram atom 
A = atomic weight oi; the material 
(17) 
13, 
For a compound containing i different nuclear species., the 
macroscopia cross section is given by 
Z = N1ff1 + N2a2 + ••• + N1cr1 
pNo 
= T (v10'1 + v2cr2 + • • • + v1a1) 
where M = molecular weight of the compound 
v = number of atoms per molecule 
(18) 
In the course of this investigation., it is more advantageous 
to use Equation (18) in a form involving weight fractions so 
that the cross section information for coo1ing coils and ex• 
perimental tubes located within the core can be included. The 
form used is 
+ . ' . 
where p - 0 core density" including fuel-moderator solution 
and tubes 
fw = weight fraction of each species 
Equation (19) is applicable to fission., scattering, absorption 
and total cross sections. 
The macroscopic fission cross section var~es with the 
fuel~to-1noderator ratio and with the fuel enrichment as well 
as with the operating temperature, The values used in this 
investigation are calculated by Equation (19) using micro-
scopic fission cross section values from [8]~ [9) and [10] 
after applying the temperature correction [111 p. 177] 
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(20) 
where cr2 = microscopic cross section at operating temperature 
o1 = microscopic cross section reco~ded i n tables 
T 2 = absolute temperature of reactor 
T1 = absolute temperature at which cross sections are 
compiled 
s. Za, macroscopic absorption cross section [4, p. 39J 
The macroscopic absorption cross section varies with the 
composition of the core and with the operating temperature. 
The values for this investigation are calculated by using 
Equations (19) and (20) with microscopic data from [8], [9), 
[10] , [12) and [13J. The largest contributions to the macro-
scopic absorption cross sections in this investigation are 
made by the u235 and the hydrogen, so that the fuel-to-
moderator ratio and the fuel enrichment are of prime impor-
tance. 
6. Zs, macroscopic scattering cross section [3., p., SO) 
The macroscopic scattering cross section,. Z8 , varies with 
core composition and :t.s calculated by using Equations (19) and 
(20) in conjunction with cross section data from [4 ],. [8], [9],. 
[12] and [13] . In this investigation the values of ~s are 
influenced primarily by hydrogen and oxygen . 
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7. th ~aR, thermal macroscopic cross section for resonance ab-
sorber (7, p. 83) 
The thermal macroscopic cross section for the resonance 
absorber as used in the expression for the resonance escape 
probability is dependent only upon the concentration of the 
resonance abosrber . The expression used to calculate ~:: in 
this investigation is 
where 
(21) 
p = "core densJ..ty11 including fuel-moderator solution 
and tubes 
N0 = Avogadro• s number 
fwR =weight fraction of resonance absorber 
O'a.tr = thermal absorption cross sect.ton for resonance 
absorber 
AR= atomic weight of resonance absorber 
'l'he two resonance absorbers of interest i.n reactor calculations 
are u238 and Th232 having aaT values of 2.75 and 7.0 barns, 
respectively [7, p. 83] . 
In this investigation,. since all the reactors considered 
are fueled by urantum. the resonance absorption is due to u23S. 
At high enrichments (low concentrations of u238) i:be values of 
~:: become exceedingly $mall. 
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a. t, average logarithmic energy decrement [3# p . 143) 
The average logarithmic energy decrement per collision, 
; , 1s defined as the average value of the c.hange in the 
l ogarithm of the neutron energy for a single collision, 1 • .2,., 
(22) 
where .El= energy of the neutron before collision 
E2 = energy of the neutron after collision 
Since the energy loss per collision decreases as the mass of 
the target nuclei increases., the value of; is dependent upon 
the atomic weight of the medium. For elements having atomic 
weights larger than about ten, the value of; ean be approxi-
mated by 
; ,. 2 
A+ £ 3 
(23) 
Values for; range from 1.000 for hydrogen to 0,0077 for the 
heaviest nuclei. For a mixture or compound containing i dif• 
ferent nuclei,. the mean value of average logarithmic energy 
decrement, l, is defined by [5, p . 157] 
{ = Zs1~1 + Xs2t2 + • • .+Zsi ~i 
Es1+Zs2 + · • • +~si 
~s1~l + Zs2~2 + • • .+z$i ;1 
= (24) 
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where Zsi = macroscopto scattering cross sections for individ-
ual species 
~i = average logarithmic energy decrement for the 
individual species 
28 = total scattering cross section for the core as 
previously discussed 
For this investigation~ Equation (24) is used in a form 
similar to that of EquatLon ( 19) 
-; = 
where all variables are as previously defined. For the re• 
actors considered in this investigation, hydrogen and oxygen 
make the largest contributions. The values for· ;1. are ob-
tained from Ci2 J. 
9. D, diffusion coefficient fa, P•· 92] 
The diffusion coefficient, n, arises from the application 
of· Fick's law ,of diffusion which is the basic assumption of 
elementary diffusion theory~ The expression for D 1s [3, p . 
97 l 
D 1 
Za 
+- . z 
where Z = total macroscopic cross sectton 
-
µo - + ••• ) 
i ... l1o (26) 
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For materials having Za much less than Z8 , which is the case 
for the reactors considered in this investigation, Equation 
(26) reduces to (S, p. 135] 
(27) 
A convenient form of Equation (27) for use in this investiga-
tion is 
fw20's2<14Lo>2 
A2 
(28) 
where all quantities are as previously defined and the values 
of O'si and (l ... µ,0)1 are obtained from [4], [8]1 [9] and [12]. 
In this investigation, the main influence on the value of D 
235 is exerted by hydrogen, oxygen and u • 
10, ~ .. neutron age {11, P• 58] 
The neutron age, T, in a reaeto~ is related to the energy 
of the neutron and is proporttonal to the average of the 
squares of all of the straight•line paths from the source to 
the point where a neut~on reaches a certain energy. The 
value of interest in this investigation is the age-to-thermal ., 
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!,.2, • ., the age corresponding to the decrease in neutron energy 
from fission energy (2 Mev) to thetmal energy (0 .. 025 ev). The 
neutron age bas been determined experimentally for many sub-
stances of interest in t'eactor design. However, fo,: the solu-
tions contained tn the cores of the reactors to be considered 
later in this investigation., tabulated age data were not 
available. Many exact methods for the theoretical determ.ina ... 
tion of neutron age have been derived, several of which re-
quire special computer techniques. 
The method to be used in this investjgatton is the semi-
.. 
empirical Flugge-Tittle method for mixtures of heavy elements 
with hydrogen [11., p. 278J. This method determ~nes the age-
to~thermal by dividing the energy range into two sections. 
The upper section involves the portion 0£ the energy range 
in which the scattering cross section of hydrogen varies 
largely with energy (2 Mev to approximately lOO kev) and it is 
assumed that the slowing down in this region is due to colli-
sions with hydrogen. From the definition of the logarithmic 
energy decrement. Equatlon (22)., which has a value of 1.0 for 
hydrogen, it is seen that 
E2 = antilog ~ 
El 
= anti log 1. 0 
- E1 
-~ (29) 
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By applying Equation (29) three times, it is seen that after a 
third collision with hydrogen the energy of the neutron has 
been reduced to approximately 100 kev. It is shown that the 
mean square displacement for a collision is equal to 2A2, 
where °A is the mean free path at the energy before collision. 
The total mean square displacement for the three collisions 
required to reduce the neutron energy to 100 kev is therefore 
given by 
By defin.ition, the slowing-down length 1s given by 
-2 r 2 1s :;;: 6 
= A12 + A22 + A32 
3 (31) 
where 18
2 
= slowing down length from 2 Mev to 100 kev 
The values for the mean free paths to be used in Equation (31) 
are obtained f.rom the empirical equation [11;. p. 279) 
where 
(32) 
Ai= neutron mean free path corresponding to energy 
Et to be used in Equation (31) where i takes 
the values 1, 2 and 3 
1'. = mean free path in mixture corresponding to an 
energy E1 
1 
= -Zs 
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Aother = mean free path in all material except hydrogen 
corresponding to an energy E1 
= 1, 
(Zs>other 
AH= mean free path in hydrogen corresponding to an 
energy E1 
= l 
<zs>a 
The values for Z are calculated as mentioned previously. 
For the lower sect.ton of the energy range (lOO kev to 
0.02s ev) the F¢!1nlli age equation is valid and the age is 
given by [11, p. 279} 
where 
100 kev 
~(100 kev to 0,02s ev) =f 
i.02s ev - -
+ • • • 
+ • •• + tfsj~:4-il)j ] 
for a mixture containing j nuclear species. 
The final age-to-thermal is then given by 
2 . ( . 
'tth = 18 + -r 100 kev to 0.025 ev) 
dE 
T 
(33) 
f .'1 .~J. ) WJ SJ 
-1 A, , -
J 
(34) 
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In this investigation. the numerical integration of Equation 
(33) for the various fuel solutions -gave nearly a constant 
value. within the accuracy of the method, so that the form of 
Equatli.on (34) actually used was 
2 
'ft.b: K 16 
where K • cons.tant determined by numerical integration. 
(35} 
:Ct has been shown [2, P• 21] that the Plugge•Tittle 
method gives values which agree well with experiment for mix• 
tu~es having an atom fraction of hydrogen larger than 0.45. 
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IV. DIMENSIONAL ANALYSIS CONSIDERATIONS 
A brief review of dimensional analysis techniques will be 
given in this section fol lowed by the application of dimen-
sional analysis to the design e,q,ression developed in the 
previous section. A proposed list of nine pi terms will then 
be discussed. 
A. Review of Dimensional Analysis (14] 
Dimensional analysis is a tool which relates variables 
through their fundamental dimensions, rather than through the 
absol~te numerical values of the variables, in order to 
eliminate differences in the methods of measurement, By ap-
plying dimensional analysis to physical phenomenon~ dimen-
sionless groups can be determined which are interrelated and 
can be used for predicting the outcome of changes in the 
magnitude of the dimensional variables comprising the di-
mensionless groups. 
In general, a dependent variable, a, can be expressed in 
terms of a functional relationship involving the variables 
upon which it depends [14, p. 21J 
a = f (a1 , a2 , • • • , an) (36 ) 
where the various a•s are then independent variables deter-
mining a . For many problems, the r -elationship between the 
dependent and independent variables is obtained easily by ex-
perimental methods . In cases where the experimental deter-
24 
mi.nation of the relationshi:ps is inconvenient or time--consum-
ing., the Buckingham Pi Theo:rem provides a means of reducing 
the number of variables by ,grouping the variables into di-
mensionless groups designat,ed as pi terms. The Buckingham Pi 
Theorem states that the number of independent pi terms re-
quired, s, is equal to the :number of variables concerned 
minus the number of fundame:ntal dimensions required to express 
the variables [14, p. 36). A functional relationship between 
the pi terms can then be ex:pressed as 
'ITl = :F·('IT21 'IT31 • • ~ ' ,rs) (37) 
It may then be possible to ,determine experimentally the in-
terrelation among the pi terms. 
B. Application to Design Expression 
Following the techniques of dimensional analysts, the 
design expression given by :Equation (12) can be written in 
functional notation as 
(38) 
where B2 is arbitrarily chosen as the dependent variable. 
This choice proves to be us,eful, since the critical s:Lze of a 
reactor is frequently destr,ed and can be obtained easily from 
the buckling. A tabulatio11 of the ten design parameters to-
gether with their dimensions is presented in Table 3. 
It is apparent from T~ble 3 that only one dimension is 
involved so that applieatio:n of the Buckingham Pi 'l'heorem 
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Table 3. Dimensions of basic design parameters 
Parameter 
a2 , buckling 
E., fast fission factor 
v., fast neutrons per thermal neut ron fission 
Ef, macroscopic fission cross section 
Za, macroscopic absorption cross section 
Z8 ., macroscopic scattering c ross section 
zth., thermal macroscopic cross section for 
aR resonance absorber 
-t, ave·rage logarithmic energy decrement 
D, diffusion coefficient 
-r, neutron age 
Dimension 
Length-2 
--
--
Length ... 1 
Length-1 
Length- l 
Length-1 
--
Length 
Length2 
indicates nine independent pi terms are reqwl.red to express 
the relationship. By inspection of Equation (12) in con-
junction with Table 3. the proposed list of independent pi 
terms presented in Table 4 is developed. By using the pi 
terms listed in Table 4., the functional i-el.ationship between 
the dimensionless groups depicting a critical ueactor is 
given by 
(39) 
26 
Table 4. Proposed pi terms 
7rg 
c. Discussion of Pi Terms 
e 
V 
2-
The value of B Dis dependent primarily on the value of 
2th aR 
th 
i:aR,, since the values of a2 and D are relatively constant for 
a solution type. As previously discussed.~~ is enrichment 
dependent so that it would be expected that the value of 
27 
B2D 
---zth would be quite small for reactors having low enrichment 
~ 
and increasingly larger for higher enrichments., having the 
theoretical limits of zero and infinity. 
As mentioned previously., the value of e for homogeneous 
reactors is assumed to have a constant value of unity. For 
the various designs of heterogeneous reactors this pi term 
could take variable values depending upon reactor type# fuel 
and enrichment. 
Since the value of vis dependent only upon the fission-
able isotope utilized as fuel. it will have a constant value 
in th~s investigation. 
As noted., the average logarithmic energy decrement is es-
sentially a scattering or slowing.down property of a system 
and would therefore be expected to vary with the fraction of 
scattering nuclei (hydrogen) present. The variation of~ 
would not be expected to be large in this investigation, how-
ever, s ince the fuel solutions are all water solutions of a 
uranyl compound precluding the same general composition re-
quirements within the upper limit of solubility and the lower 
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limit of a dilution making criticality impossible. 
The value of Zf depends upon the atom fraction of fis-
sionable isotope present and., therefore, on the critical mass 
which varies with enrichment1 core configuration and component 
concentrations. 'l'he value of~ is essentially a slowing~down 
property and is therefore dependent on the atom f raction of 
hydrogen present. For this investigation., it would be ex-
pected that the value of Zf would exhibit a larger relative 
variation than ~ since the enrichment in a homogeneous aqueous 
system has wider limits than the hydrogen concentration. In 
view of this., the value of zf2T is expected to vary with the 
critical mass . 
6. 
Both Zf and ~a are primarily dependent upon the amount of 
fissionable isotope present, so that the value of Zf would be 
Za 
expected to be approximately constant with sma1l variations to 
account for absorption by hydrogen • 
... z£li 
7. Tr7 - -
Ea 
The previously mentioned dependence of zth on enrichment aR 
is much larger than the dependence which Za has on u235 con-
centration, so that the value of z!~ would be expected to 
z;-
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depend primarily on zlh. This would indicate large values 
R 
for low enrichment and small values for high enrichment. 
s. 
The value of Zs is dependent mainly upon the scatte~tng 
nuclei concentration, so that small variation is expected for 
the reactors studied in this investigation. Therefore• the 
zth th value of aR would be expected to vary with ZaR in the same 
Zs ztb 
d ib d for aR way escr e . - • Za 
9. 
Both D and Tare properties of the scattering nuclei in 
the system and would tend to cancel each otheris effect on 
JL TZ. Tbs value of v9 would therefore be primarily dependent a 
upon Za and would vary inversely with the critical mass . 
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V. INVESTIGATION OF OPERATIONAL REACTORS 
As examples of operational homogeneous reactors to be 
used in thi s investigation, five reactors of the water boiler 
type have been considered. Although it is realized that 
definite results cannot be expected from only five points, 
the reactors chosen were the only ones of the homogeneous 
type for which sufficient data to pr epare complete calcula-
tions were readily available. The following sections briefly 
describe the five reactors and Table 5 summarizes the results 
of the calculations made. 
A . LOPO 
'fhe zero-power reactor designated as LOPO (low power) was 
located at Los Alamos and became critical in May 1944. The 
core consisted of a 1/32-inch thick stainless steel sphere 1 
foot in diameter containing uranyl sulfate in 13 liters of 
water. The critical mass was found to be 565 grams of u235 
contained in urani um having an enrichment of 14.5%. The solu-
tion had a density of l.348 g/ cm. 3 at the operating tempera-
ture of 39° c . The core was surrounded by a beryllium oxide 
reflector . The references containing information pertinent 
t o LOPO are {51 , [61 , [15] , [16), and [17]. 
B. HYPO 
In December 19441 the reactor designated HYPO (high 
power) became critical at Los Alamos to replace LOPO. This 
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reactor was designed for operation at 1 kw and contained cool-
ing water coils and an experimental tube. The core was a 
l/16-inch thick stainless steel sphere 1 foot in diameter and 
containing 13.65 liters of uranyl nitrate solution. The 
uranium enrichment for this reactor was 14.0% and a critical 
mass of 808 grams of u235 was required. The reactor operated 
at 85° c. and had a solution density of 1.615 g/cm. 3 A 
beryllium oxide reflector surrounded the core. The references 
pertaining to HYPO are [51, [6] 1 [15) 1 [16] and [17] . 
C. RRR 
The reactor designated RRR (Raleigh Research Reactor) was 
built at North Carolina State College and designed for a 
power output of 10 kw. The reactor attained criticality in 
September 1953. The core was in the form of a l/16-inch 
thick stainless steel cylinder having an inner diameter of 
10 3/4 inches and a height of 11 inches. Included in the core 
were stainless steel cooling coils and experimental tubes. 
The critical mass of 787 grams of u235 was contained in 12.565 
liters of uranyl sulfate solution having a density of 1 . 10 
g/ cm. 3 and a maximum temperature of 80° c. The uranium en-
richment was 90%. The core was enclosed by a graphite re-
flector. Information concerning RAA was found in [4], [SJ, 
(15) and [171. 
D. SUPO 
I n February 1950, modifications were completed which 
changed the Los Alamos water boiler reactor to the 45 kw 
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reactor designated as SUPO (super power). The core structure 
was a stainless steel sphere having al foot diameter and in-
cluded cooling coils and experimental tubes . The 777-gram 
u235 critical mass was contained in 12. 7 liters of uranyl 
nitrate solution having a density of 1.1 g/cm. 3 The uranium 
enrichment was 88.7%. A graphite reflector surrounded the 
reactor. The information relating to SUPO was found in [SJ, 
[15} and [17]. 
E. NM-WBNS 
The reactor designated as NAA-WBNS (North American Avia-
tion Water Boiler Neutron Source) attained criticality in 
April 1952. The core was in the form of a 1/16-ineh thick 
stainless steel sphere having a diameter of 1 foot and equip-
ped with an experimental tube. The solution used was uranyl 
nitrate containing a critical mass of 633~9 grams of u235 and 
having a density of 1.1 g/cm. 3 The uranium was enriched to 
90% in u 235 • The core was surrounded by a graphite reflector . 
The information concerning NAA-WJ3NS was found in [15] , [18] 
and [19 ] . 
Table S. Summary of operating reactor data and calculations 
LOPO HYPO RRR SUPO NAA- ~NS 
Shape sphere spher e cylinder sphere sphere 
Solution uo2So4 uo2 {N03) 2 oo2so4 uo2 (No3) 2 002 (N03) 2 
Enrichment1 o/oU235 14. 5 14. 0 90 88.7 90 
Critical mass u235, g. 565 808 787 777 634 
Temperature, 0 c. 39 85 80 85 39 
f~H, atom fraction H, % 63.25 58.40 
..... -
64.95 63.60 65.40 
a2, cm.-2 0 . 0389 0 . 0388 0 . 0396 0.0388 0.0392 w w 
zf, cm. -1 0 . 0545 0 . 0772 0.0816 0 . 0765 0.0740 
Za, cm. -1 0 . 0860 0.1175 0 .1180 0.1144 0 . 1092 
z -1 
6 , cm. 2 . 570 2.499 2.640 2.606 2.694 
-~ 0 . 9450 0.9275 0 . 9455 0 . 9400 0 . 9545 
D, cm. 0.3298 0 . 3378 0.3300 0 . 334S 0.3110 
zth -l ' 
aR, cm. 0.001,782 0.002, 458 0 . 000,047 0.000,.oso 0.000,040 
2 32,. 85 34.70 -r, cm. 31.60 32. 50 29.90 
Tables. (Continued) 
LOPO HYPO RRR SUPO NAA-WBNS 
B2D 
1T' = - 7.195 5.330 281.0 258.6 307.1 l th Za R 
1r2 = € 1.00 1.00 1 . 00 1.00 1.00 
7r3 = V 2.43 2.43 2.43 2.43 2.43 
-11"4 = ~ 0 . 9450 0.9275 0 . 9455 0.9400 0.9545 
2 0.0975 0 . 2072 0.2102 0 .1902 o.1638 Tr5 = Zt T 
w 
zf ~ 
7r6 = Z 0.6345 0 . 6575 0 . 6915 0.6685 0.6760 a 
zth 
1r7 =-=.!: 0 .020,100 0.020,, 900 0 . 000,396 0 . 000, 439 0 . 000, 363 
Za 
th ZaR 0.00011693 0.000,, 984 0.000, 018 0.000, 019 0 . 000.,015 
.,,.s = -
z s 
'lr9 = -1L 0.1166 0 . 0827 0.0885 0.0899 0 . 0952 
>rZa 
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VI. DESIGN CURVES 
cur ves based on the data listed in Table 5 are presented 
and described 1n this section. curves are not presented to 
show the dependence of v1 on v 2 and v3 since these pi terms 
have been shown to be constant for the purposes of this in-
vestigation. 
Figure l indicates the dependence of neutron age on ·the 
atom fraction of hydrogen present in the system. This vari-
ation is to be expected from the definition of neutron age 
and tends to substantiate the method of age calculation. 
Figure 2 shows that a nearly constant value of v4 is 
apparent over the entire range of v 1 values indicating that 
f is relatively insensitive to the system changes considered 
in this investigation. A curve joining the five points was 
not drawn due to the large difference in connotation which 
could result. A vertical line would imply that v4 is a con-
stant whereas a slight slope would imply that large changes in 
v1 occur with slight adjustments in v4 • 
Figures 3 and 7 failed to show sufficient convergence to 
permit a curve to be drawn connecting the points. It is 
interesting to note that in both of these figures , the ab-
scissas,. 1t5 and v9, are primarily dependent upon the critical 
mass~ This would seem to indicate the possibility of another 
variable being required for the complete description of the 
system. 
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Figure 4 indicates the small variation experienced in 7f6• 
The slope could be accounted for by the increased absorption 
due to hydrogen, relative to the total absorpti on, which was 
indicated by the calculations for the low enrichment reactors. 
Figure 5 indicates a definite trend in the variation of 
v1 with v 7~ both of which contain the enrichment dependent 
term, ~~~ • By comparing v 1 with 1r1 , it is apparent that as 
~:: decreases without bound (higher enrichments) the value of 
1r1 would approach infinity as 7f7 approaches zero. For in-
creasing values of~:: (lower enrichments) the reverse would 
be true. This is substantiated by the figure. In practice 
these extremes could not be attained since the use of 100% 
and 0% u235 concentrations would be implied. These concen-
trations are beyond current technology. 
l Figure 6 indicates a relatively smooth variation of iri' 
with -rrs • When v 1 was plotted as a function of "lrg, a curve 1 
s i milar to Figure 5 was obtained. By using v 1 as the ordinate, 
the uncertainty in the curvature of the figure between the 
high and the low points was largely eliminated. Figure 6 
would be expected to pass through the origin of the curve 
th 
since the expression for both coordinates contains ZaR in the 
numerator . The upper curve in Fi gure 6 was plotted by using 
the theoretical value of B2 in the calculation of v1• The 
theoretical value of s 2 was obtained by solving Equation (12) 
for B2 and substituting the values for the remaining variables. 
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In order to solve the equation, the assumption was made that 
[3 .. p. 216] 
1 (40) 
l + B2-r 
This assumption is valid for large reactors,!.•!.•, keff ap-
proximately equal to unity. The expression for B2 as obtained 
from Equations (12) z:nd (4[0) ~; (zl~) c4] 
ev - exp - -=- - -1 
~a ~ Zs 
B2==------------------D 
za + -r 
(41) 
The variation between the observed and theoretical curves in 
Figure 6 could be due to the fact that the five reactors con• 
sidered were reflected while Equation (12) applies strictly to 
unreflected reactors. 
As previously indicated., Figure 7 failed to show definite 
correlation between ~land v9 • 
Figure 8 shows the correlation between~ and~ , the ab-
5 9 
scissas of Figures 3 and 7. This figure could be used to re-
place either Figure 3 or Figure 7 in a complete set of design 
curves. 
'l'he curves which are presented in Figures 4 , s, 6 and 8 
are only suggestions as to how complete data might appear. 
They are based only on data from the aqueous homogeneous water 
boiler type reactor fueled with uranium enriched in the u235 
isotope. It is possible that the shape of the curves could 
change considerably if reactors of the liquid metal or molten 
salt type were considered. 
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VII. SUMMARY AND CONCLUSIONS 
In this investigation, dimensional analysis considera-
tions have been applied to the variables which describe the 
properties of a critical nuclear reactor. The variables 
chosen for the investigation corresponded with those which are 
used in the age-diffusion theory representation of a critical 
reactor considering modified one-group neutron theory. A 
series of dimensionless pi terms were proposed and were ap-
plied to data taken from five operational reactors. Curves 
were then plotted to indicate the relationships between the 
various p1 terms . An attempt was then made to explain these 
relationships in terms of the inherent differences in the re-
actors. 
Although it is realized that five experimental points are 
not sufficient to permit definite conclusions to be drawn~ it 
is felt that there is sufficient evidence to indicate definite 
trends. Except in the cases of v 5 and ~9, it is felt that 
definite relationships between ~1 and the various pi terms are 
indicated. It is also realized that the five reactors con-
sidered as examples for this investi gation constituted a 
specific reactor type. However.t it is felt that the method 
could be appli ed to any critical homogeneous or quasi~homo-
geneous system with comparable results. 
The scatter of the points indicated in the figures, par-
ticularly Figures 3 and 7, can possibly be explained by the 
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multidependence of v1 on the remaining variables. For example• 
in Figure 3 values of v 1 are plotted against v 5, but v 7 and 
v8, which are major variables., are not constant and their in-
fluence may distort the appa~ent relationship between v 1 and 
v5 • Similarly, in Figure 7 the influ~nce of v5 and v8 may 
distort the apparent relationship between vi and v9 • 
The various methods which have been developed to date for 
estimating the conditions in a critical reactor give results 
which compare well with experimental data. However~ if the 
method of generating design curves through the application of 
dimensional analysis as i .ndicated in this investigation was to 
be developed to a comparable degree, it is felt that much of 
the tedious computation time required for the present methods 
could be eliminated. By compiling sets of design curves, 
various · fuels , moderators, reactor sizes and shapes, fuel rod 
designs and power levels could be evaluated by determining the 
changes to be expected in the dimensionless groups. For ex-
ample, if it was desired to design a reactor having a certain 
composition and enrichment, the values of zli and Za could be 
calculated to obtain v 7 • A value of v1 could then be obtained 
from the curves. A value for D could be obtained from the so-
lution composition to permit the buckling to be obtained from 
v 1• The size and shape of the proposed reactor could then be 
determined. By so doing,. calculation of several of the pa-
rameters required for a complete solution of the critical 
equation is not required. 
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VIII. SUGGESTIONS FOR FUTURE DlVES'l'IGATIONS 
After this method of generating design curves through the 
application of dimensional analysis has been substantiated by 
more complete experimental data from operational reactors, it 
should lend itself well to the field of nuclear engineering. 
The method probably could be made more accurate by incorporat-
ing multigroup neutron theory. By so doing, several new vari-
ables would be added and it is doubtful if more than one new 
dimension (weight) would be added. It is conceivable that the 
number of pi terms required would soon become unwieldy causing 
the method to defeat its purpose--ease of making first ap-
proximations. The list of pi terms listed in Table 4 could 
possibly be replaced by a list containing more meaningful 
terms: for example~ B2~ which is a measure of fast leakage 
as indicated by Equation (3) and B2D which is a measure of 
Za 
thermal leakage as indicated by Equations (4) and (11). Also* 
the dimensionless variables e6 v and! might be incorporated 
into a pi term which would represent the multiplication. 
A very important application of the method can be found 
in the field of power reactors . I ·t is felt that design curves 
could be obtained by using data concerning both the critical 
mass and the operating mass of fissionable fuel in conjunction 
with excess reactivity information. In an application of this 
type, it is probable that the effect of control rods would 
complicate the method considerably. 
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The application of the method to heterogeneous reactors 
should be possible by applying the theory of heterogeneous 
reactors as found in many nuclear physics texts . This appli-
cation would also add to the variables without increasing the 
number of dimensions by more than one. 
By properly applying the techniques of dimensional 
analysis to the problems of nuclear engineering, it is possi-
ble that the method could prove useful to the same extent that 
it has in the fields of heat -transfer and fluid flow. 
1 •. Pear ls·tein., s. 
Engineering. 
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